The synthesis of bifunctional Gd(III)-phosphonium complexes possessing a varying degree of delocalisation at the phosphonium centre is reported. Cellular uptake studies indicate that a reduced delocalisation at the phosphonium centre can lead to greater Gd uptake into normal cells, resulting in a decrease in the overall tumor cell selectivity.
Introduction
complexes 1 -3 assessed for in vitro cellular uptake showed very high uptake in both cell lines when compared to the controls ( Table 2 ). The exact mechanism for the cellular uptake of these complexes is currently unknown but these results clearly indicate that the Gd(III) complexes are able to traverse the cell membrane and enter the intracellular space.
Previous work with 1 confirms cellular uptake and mitochondrial aggregation by the complex, and presumably the related complexes 2 and 3 follow a similar fate. Furthermore, the simpler Gd-DOTA (DOTA = 1,4,7,10tetraazacyclododecance-1,4,7,10-tetraacetic acid) complex is an extracellular, watersoluble contrast agent used in MRI [34] , and it does not readily enter cells. Hence, the ability of complex 1 to enter the intracellular space and localise in mitochondria can in largely be attributed to the phosphonium centre.
[ Table 2 inserted here]
The results obtained from the cell uptake studies were statistically analysed by means of an ordinary two-way ANOVA followed by Sidak's multiple comparison tests ( Figure 1 ). The analyses resulted in a statistically significant Gd uptake, i.e. the effect of the treatment (control or complexes 1 -3) differs between the T98G and SVG p12 cell lines.
[ Figure 1 inserted here]
Here, the overall trend showed that the uptake of complex 2 is significantly greater in T98G cells compared to SVG p12 cells. At low concentrations (10 μM), treatment with either complex 1 or 2 resulted in significantly higher uptake into T98G cells compared to SVG p12 cells. For the control and complex 3, however, a statistically significant difference in uptake between the two cell lines was not observed.
Alternatively, one can examine the effect of the Gd treatment (i.e. difference between control and complexes 1 -3) on either T98G or SVG p12 cells ( Figure 2 ). The interpretation of the overall statistical significance was again focused on the Sidak's multiple comparison post tests, e.g. is Gd uptake statistically significant for complex 2? This analysis yielded an overall trend for complex 2 showing significant greater uptake in T98G cells compared to complexes 1 and 3 at all concentrations (10 μM, 100 μM, and 1000 μM). In contrast, no statistically significant difference in cell uptake for complexes 1 -3 was found in SVGp12 cells.
[ Figure 2 inserted here]
Differences in cell uptake and aggregation of complexes 1 -3 must be the result of the structural differences associated with the phosphonium group. An apparent decrease in delocalisation at the phosphonium centre by replacement of one Ph group in 1 with a Me group (complex 2) leads to significantly greater uptake into T98G cells for complex 2, compared to that observed for complex 1. However, a further reduction of delocalisation at the phosphonium centre in complex 3 by the use of a single phenyl group and two methyl groups does not further enhance cell uptake in T98G cells. Steric and lipophilic effects might also play some role in these observed differences in cell uptake. However, the difference in logP values between 1 and 2 is only 0.03 ± 0.01 units (as determined by HPLC), thus indicating that differences in lipophilicity play only a marginal role, if any, in the cell uptake of these complexes. Furthermore, the replacement of one phenyl group by a similarly-sized cyclohexyl group in 1 results in a Gd(III) complex exhibiting comparable cellular uptake characteristics to complex 2 (unpublished data), and thus steric differences are also unlikely to play a significant role in determining cellular uptake. Organic cation transporters (OCTs) of the SLC22 gene family are currently being investigated as another potential point of difference and will be reported in due course.
Tumor Cell Selectivity Studies
The ratio of tumor cell to normal cell uptake (T/N) provides an indication of the in vitro selectivity of the complexes 1 -3. The in vitro T/N selectivity for tumor cells was calculated by determining the ratio of Gd uptake into the tumor cell line T98G vs. the normal cell line SVG p12 ( Table 2 ). The results showed that a decrease in the T/N selectivity occurred with increasing Gd concentrations, i.e. a concentration of 10 μM yielded the highest T/N ratio. Interestingly, in vitro selectivity is completely lost at the highest concentration used in these experiments (1000 μM), which might indicate a change in the uptake mechanism of the complexes 1 -3 at high concentrations. The results obtained from the selectivity studies were statistically analysed by means of an ordinary two-way ANOVA followed by Sidak's multiple comparison post tests ( Figure 3 ). The analysis resulted in a statistically significant outcome, i.e. the effect of the three concentrations (10 μM, 100 μM, and 1000 μM) differs between the control and complexes 1 -3.
[Figure 3 inserted here]
The in vitro selectivity of complex 1 (13.2 ± 2.1) at a concentration of 10 μM is significantly greater compared to complexes 2 and 3. At higher Gd concentrations, no significance in T/N selectivity was observed between complexes 1 -3. This result indicates that alkyl/aryl modifications at the phosphonium centre do not lead to a significantly greater T/N ratio, even though the overall uptake into T98G cells was observed to be significantly greater when a methyl group replaces phenyl at the phosphonium centre.
Synchrotron X-ray Fluorescence (XRF) Studies
Synchrotron X-ray fluorescence (XRF) studies were performed on T98G cells treated with the complexes 1 and 2 to allow for the visualisation of elemental distribution within cells. Complex 1 has been extensively investigated on individual cells providing strong evidence of mitochondrial accumulation within such cells [17] . Since the Gd localisation within a single cell had been previously determined for this class of complexes, the aim of this study was to overcome the inherent statistical limitations of single cell imaging. Studies were carried out by imaging all T98G cells grown on Si3N4 windows (1.5 x 1.5 mm), which were fixed with 1% paraformaldehyde solution. Data were collected for control cells and cells treated with 100 μM of complex 2 for 6 h and 24 h. Figure 4 shows a magnified view (representative area covering ca. 20% of the total scan area) of inelastic scatter (Compton) maps of incident photons, which were a useful guide to identify cell boundaries. The elemental maps for Zn are in very good agreement with the Compton maps. Zn was selected as it is an essential element present in cells with endogenous Zn levels occurring within the experimental detection limits [35] , and, therefore, the element is a useful guide to clearly identify cell boundaries of individual cells or cell aggregates.
The XRF quantification of intracellular Zn content was found to be constant across both cell lines and independent of the treatment with complex 2. The detected average elemental area density of 0.0060 ± 0.0014 μg cm -2 is in good agreement with the endogenous Zn content previously reported for T98G cells [17] . As Gd were found to be constant over the total scan area suggesting that within one T98G cell population the uptake of complex 2 is uniform.
[ Figure 4 inserted here]
In order to distinguish cells from non-cellular debris, a mask of each cell position was constructed ( Figure 5 ). These masks were derived from the inelastic scatter and high resolution Zn maps using ImageJ (v1.49j). The quality of the mask was assessed by co-registering the binary image with the elemental maps of Zn and Gd. A good agreement is seen for the overlay of the mask with the elemental maps confirming once again the accumulation of Gd occurs in all scanned T98G cells.
[ Figure 5 inserted here]
Conclusion
The new Gd(III) complexes 2 and 3 were successfully synthesised in high yields and purity. The complexes were found to be low in cytotoxicity at therapeutically-relevant concentrations. The observed cell uptake and selectivity results for complexes 1 -3 indicate that differences in lipophilicity and steric bulk at the phosphonium centre do not appear to be correlated to their significant uptake into tumor cells, whilst reduced delocalisation around the phosphonium centre appears to result in greater uptake into normal cells causing a decrease in overall in vitro selectivity. For example, complex 2 showed significantly greater uptake into the T98G cell line compared to complex 1, whilst its overall T/N selectivity was diminished due to its increased accumulation in the normal cell line SVG p12.
These results also indicate that more than one cell uptake mechanism may be involved. One mechanism appears to act at lower Gd(III) complex concentrations whilst a different uptake mechanism takes over once the concentration of the complexes exceeds a certain limit. Lower concentrations of Gd(III) complex are more selective for tumor cells and deliver a significant number of Gd atoms to each of the cells. In summary, the new complexes 1 -3 exhibit comparable accumulation and selectivity for T98G cells as MGd, which has been previously explored clinically as a radiation sensitizer [7, 36] .
The accumulation of complex 2 in T98G cells was further confirmed by synchrotron XRF studies showing an expected increase of intracellular Gd content with respect to the exposure times of 6 h and 24 h. This study allowed for the XRF quantification of intracellular Gd content for a large number of cells, thus overcoming the statistical limitations inherent in single cell XRF imaging. In the case of the scanned T98G cells, a constant Gd level was observed suggesting a uniform accumulation of the drug within one T98G population. The Gd maps show dispersed spots of high intensity which are consistent with mitochondrial uptake [17, 18] . Furthermore, the elemental density maps of those cells dosed with 2 also showed a negative correlation of the Gd regions to regions of high intensity in the Zn maps.
Materials and Methods
All precursors were purchased from Sigma-Aldrich, except where otherwise stated.
Distilled water was used for all experiments requiring water. Toluene was dried over sodium wire and freshly distilled prior to use, according to the procedure by Armarego and Chai [37] . Et2O was dried over sodium wire and freshly distilled. All other solvents were used without further purification. Reactions requiring inert atmospheres were performed under a dry nitrogen atmosphere using conventional Schlenk techniques [38] . Dimethylphenylphosphine was handled in a glove bag. 
Synthetic methods
General ligand procedure GP1: A phosphine of the general formula PR 1 
Protein Analysis:
The protein content of cell solutions was determined using a bicinchoninic acid (BCA) protein assay, which has been described previously [40] .
This assay involves the reduction of Cu(II) to Cu(I) by proteins and the subsequent chelation of Cu(I) by two molecules of BCA which results in a colour change that can be measured and compared to a protein standard curve. To perform the assay the cells were lysed by means of three snap freeze-thaw cycles which released the intracellular contents. The solution was analysed for protein content by taking repeated 25 μL samples (N = 3) and depositing them into a 96-well plate format. A 1 mg/mL bovine serum albumin (BSA) protein standard (200, 400, 800, and 1000 mg/mL, made up to volume with MQ water) was also deposited into the 96-well plate.
A freshly prepared solution of BCA and CuSO4·5H2O (50:1, 200 μL) was added to each well and the plate was incubated at 37 °C for 30 min. Absorbance was then measured at 600 nm using a victor3V microplate reader (PerkinElmer). The protein standard curve was fitted using linear regression which allowed for the determination of the protein content in unknown samples. Microsoft Office Excel ® 2007 was used for all calculations and graphs.
Synchrotron X-ray Fluorescence (XRF) Imaging
Buffer Preparation: All buffers were freshly prepared on the day of the actual experiment. All solutions were filter-sterilized before use using a 0.22 μm syringe filter.
(a) Paraformaldehyde Solution: 1 g of powdered paraformaldehyde and 1 NaOH pellet were dissolved in 6 mL of PBS. The pH was adjusted to 7.2 with NaOH and HCl using a pH-meter. 1 mL of this freshly prepared solution was taken and diluted with 9 mL PBS to give a 1% paraformaldehyde solution. windows were placed on a cellulose paper and allowed to dry on air for 1 h (cellulose paper placed between two well plates being covered with a well plate lid).
X-ray Fluorescence Imaging:
The distribution of elements in cells was determined at the XFM beamline at the Australian Synchrotron [41] . An incident beam of 12. matrix to perform spectral deconvolution [42] . Spectra were calibrated using the metal foil measurements, and corrections made for self-absorption in the sample, absorption in air, and the efficiency response of the detector [43] . The detected X-ray photons from each pixel were related to calculated-model fluorescence X-ray yields for an assumed specimen composition and thickness. The composition and thickness of the Si3N4 window were known from the manufacturer, while the composition and average density typical of dried organic material (C22H10N2O4 and 1.42 g cm -3 , respectively) was used to model the bulk cell [44] . Table 2 , which include possible contributions from Mn and Fe fluorescence. The Gd contents in treated cells were found to be at least two orders of magnitude greater than the background signal (except for the 10 µM SVG cells) and so it is assumed that the reported elemental maps and cellular contents in treated cells are not significantly interfered with by either the Mn or Fe signals.
Image Analysis: Image analysis of elemental maps was performed using a combination of tools native to GeoPIXE and ImageJ (v1.49j), a java-based image processing program developed by the National Institutes of Health (USA) [45] . The color scheme for each element is scaled separately. 
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